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Processable polyimides containing the bicyclo[2.2.2]oct-7-ene ring system were
prepared. The polyimides were synthesized by the polycondensation of bicyclo[2.2.2]oct-
7-ene-2,3,5,6-tetracarboxylic dianhydride with 1,4-phenylenediamine, 1,3-
phenylenediamine, 3,3’-dimethyl-4,4’-diaminobiphenyl diamine (o-tolidine), and 2,2’-
bis(trifluoromethyl)benzidine in l-methyl-2-pyrrolidinone (NMP). The respective
polyamic acids were also isolated. All the polyamic acids and polyimides were
characterized by infrared, proton and carbon-13 nuclear magnetic resonance (NMR)
spectroscopy, viscosity, solubility, and X-ray scattering. The polymers exhibited enhanced
solubility in organic solvents such as dimethylsulfoxide (DMSO), N,N-dimethylacetamide
(DMAc) and N,N-dimethylformamide (DMF). Thermal stability of the polyamic acids and
polyimides were determined by thermogravimetric analysis (TGA), differential scanning
calorimetry (DSC), and optical polarizing microscopy. Thermogravimetric analysis
indicates that the corresponding polyamic acids and polyimides are stable up to ca. 450 °C
under argon and air atmospheres.
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INTRODUCTION
Ladder polymers are made up of regularly recurring fiised-ring structures/ Two
major ladder polymers are known: double-stranded polymers and single-stranded
polymers. Figure 1. Aromatic ladder polymers are an example of macromolecules with
no single-stranded linkages. Such materials are likely to have very high thermal stability.
Typical aromatic ladder polymers are polybenzimidazoles, polyimidazopyrrolones, or
polyquinoxalines. Figure 2. Single-stranded polymers, also known as semi-ladder
polymers are polymers of cyclic moieties linked with open-chain units. Figure 3. Even
though some ladder-type structure may be present, at least one skeletal bond per repeating
unit is not a ladder structure. Examples are polyquinoxyanilines, polybenzimidazoles,
and polyimides.
(a) (b)





Figure 3. Structure of a semi-ladder polymer
Polyimides are high performance condensation polymers derived from bifunctional
carboxylic acid anhydrides and primary diamines. They contain the imide structure -CO-
NR-CO- as a linear unit along the main chain of the polymer backbone, Figure 4.
Figure 4. Representation of characteristic imide polymer backbone
Although the first synthesis of an aromatic polyimide was carried out in 1908, it
was not until the late 1950’s that high molecular weights polymers were prepared.^ '* This
interest has developed largely as a result of the increased need for advanced materials in
the electronic and aerospace industries. Thermally stable polyimides are used in systems
include resins for structural adhesives, coatings, selectively permeable membranes and
composites matrices.
In the electronic industry, the most recent application is the use of polyimides as
semiconductors. The two main applications for polyimides in the semiconductor industry
are: as shielding and as an interlayer dielectric. A thin film of polyimide on the surface of a
computer chip can prevent errors in memory devices such as DRAM (dynamic random
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access memory), caused by alpha-ray particles. Polyimides have the ability to absorb
alpha-ray particles from materials.*
As an interlayer dielectric, polyimides are used between wires as insulators.
Polyimides can be used as coating materials in the electronic industry. The polyamic acid
system can be coated on to the wire and thermally converted to the polyimide.
Other electronic applications include the use of polyimide foams as light weight
materials in wall and ceiling panels, sections of bulkhead, as acoustical, thermal and
vibrational insulation on aircrafts. As composites, polyimides can be used on wing skins,
engines, and interior furniture of military and commercial aircrafts.^
Polyimides can be synthesized by the following methods: the imide functional
group or its precursor is formed during the polymerization reaction. Type 1; a low
molecular weight bisimide or an oligomeric bisimide serve as monomer in a polymerization
reaction. Type 2; and an imide containing oligomer bearing polymerizable end groups is
converted to a network polymer, usually by heating. Type 3.
Type 1 polyimides are prepared by initially forming a polyamic acid followed by
ring closure to form the polyimide. Scheme 1.’ ’ Among the important polyimides
prepared by the dianhydride-diamine routes is du Pont Company’s Kapton®, Figure 5.
Kapton® has an extremely high melting temperature (Tm) and a high glass transition
temperatures (Tg) above 400 °C.‘”
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Scheme 1. Synthetic route to a Type 1 polyimide
Type 2 polymers are synthesized by curing of oligomeric units in a range of 200 to
400 °C to yield highly crosslinked polymers. Two varieties of Type 2 polyimides have
achieved commercial acceptance, one based on bismaleimides and the other on
bisnadeimides. Figure 6." An example of a bismaleimide type polyimide is Kerimid 601®




Figure 5. Schematic representation of high performance polyimide, Kapton®
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Figure 6. Structure of (a) bismaleimide and (b) bisnadeimide
Scheme 2. Synthetic route to bismaleimide type polyimide, Kerimid 601®
Bisnadimides type polyimides are synthesized using the polymerization of
monomeric reactants (PMR) approach. These type of polyimides undergo a condensation
reaction to form the imide prepolymer, Scheme 3, and undergo further polymerization to a
temperature resistant three-dimensional network.*^ Examples of bisnadimide type
polyimides are bis(allylnadimidodiphenylmethane) and bis(allylnadicimidohexane), Figure
7.
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Scheme 3. Polymerization of a PMR-type nadimide end-capped prepolymer
In order to improve processability of thermally stable polymers, polyimides are
also synthesized by means of a oligomer containing polymerizable end groups upon
heating, Type 3.*^ Ethynyl-capped polyimide oligomer is an example of this type of
polyimides. Figure 8.
R=—
Figure 7. Structures of bis(allylnadimides)
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Figure 8. Structure of ethynyl-capped polyimide oligomer
The versatility in their synthesis, together with their high performance properties
make polyimides a very interesting field of study. Polyimides have been recognized from
the earliest days of their invention for their outstanding thermal stability both in air and
inert atmospheres. These polymers are found to have excellent physical properties such as
low density, remarkable thermal stability, solvent resistance and excellent mechanical and
electrical performance over a wide temperature range. Polyimides have a number of
advantages over inorganic molecules, such as, improved processability, improved stress
relief (elasticity), ease of purification and a low dielectric constant.
Inspite of these excellent properties, they are very difficult to process (fabrication
of films and fibers) due to their poor solubility in common solvents, the high processing
temperature and the evolution of volatiles during imidization. The low solubility of these
polymers in organic and inorganic solvents and their high melting transitions are due
essentially to the rigidity of the aromatic ring system which result in large van der Waals
forces between individuals polymer molecular chains.
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Different approaches have been used to improve solubility and reduce melting
transitions of polyimides without destroying the high performance properties of the
polymers, especially, thermal and thermal oxidative stability. Efforts to increase the
solubility of rodlike polymers include some structural modifications, such as, the use of
bulky substituents, kinks, the introduction of a randomly spaced semi-flexible chain
fragments, the replacement of the phenyl ring in the polymer system and the use of non-
coplanar biphenyl moieties.
In 1972, Serafini et al. developed the ‘polymerization of monomeric reactants
approach’ (PMR) in the synthesis of PMR-15.*'‘ PMR-15 is a high temperature polyimide
used as a composite matrix resin, formed by the reaction of 4,4’-methylene diamine
(MDA), 5-norbomene-2,3-dicarboxylic acid monomethyl ester (NE) and benzophenone
tetracarboxylic acid dimethyl ester (BTDE) in low boiling alkyl alcohol. Figure 9.’^ PMR-
15 is characterized by excellent mechanical properties but also have several disadvantages.
For example, the quality control of PMR-15 methanol solutions is difficult due to varying
triester levels found and the shelf life is limited by room temperature reactions that can
occur between the monomers. Furthermore, PMR-15 contains the carcinogenic diamine
(MDA) and the resin system is brittle due to its high degree of crosslinking. Aromatic
polyamines have been used to eliminate the use of methylene dianiline in PMR-15
formulation. The monomer, 2,2’-bis[4-(4-aniinophenoxy)phenyl] hexafluoropropane
known as 4-BDAF was used in the PMR process to improve toughness and processability
of polyimides due to the presence of hexafluoro groups.PMR-II polyimide synthesized
by the reaction of 5-norbomene-2,3-dicarboxylic acid monomethyl ester (NE), para-
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phenylenediamine and the dimethyl ester of 4,4’-(hexafluoroisopropylidene)bis(phtalic
acid), HFDE, results in improved processability and thermal stability, Figure 10.*’
Figure 10. Structure of PMR-II polyimide
More recently, the use of processable precursor polymers which subsequently can
be converted into the intractable rodlike polymers has been developed. Aromatic
polyimides are generally prepared via a two-step process involving the synthesis of a
processable poly(amic acid) precursor and an intramolecular ring closure to the polyimide.
para-Linked aromatic poly(amic ethyl) esters showed solubility in high concentrations in
solvents such as dimethylformamide (DMF) or N-methyl-2-pyrrolidinone (NMP) without
inorganic salts as additives.'*
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The synthesis of highly phenylated dianhydride and diamine monomers give soluble
and high glass transition temperature (Tg) polyimides.‘^'^“ The polyimides dissolve readily
in N-methyl-2-pyrrolidinone (NMP) and m-cresol while maintaining high thermal stability.
Another effective approach to improving processability of high temperature
aromatic polymers is the incorporation of a crank and twisted non-coplanar structure into
the polymer main chain, by the use of novel diamines and dicarboxylic acids. Figure 1
Polyimides derived from these diamines show improved solubility and high glass transition
temperatures.
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Figure 11. Aromatic diamines and diacids having crank and twisted non-coplanar
structure
Aromatic polyimides containing the non-coplanar disubstituted biphenyl moieties
(CFs, CH3) have been prepared to improve solubility of polyimides. Scheme 4.^^
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Scheme 4. Synthetic route to 2,2’-disubstituted biphenyl-4,4’-diamine type polyimide
X = CH3orCF3
Wholly aromatic polyimides exhibit high thermal and thermooxidative stability but
also exhibit a high degree of intractability due to high 7t-electron density. In order to
improve upon the processability of these polymers, a six member ring, such as,
bicyclo[2.2.2]oct-7-ene which is a precursor to the aromatic ring system has been used.
The aromatic ring system and bicyclo[2.2.2]oct-7-ene ring system are similar in linearity,
geometry, and polarizability.^^’^'* Polymers derived from bicyclo[2.2.2]oct-7-ene ring
system are expected to be easy to process due to a reduction in the symmetry of the
polymer backbone and a reduction in the 7C-electron density of the system. For example,
Polk et al. used the bicycUc ring system in the synthesis of homopolyesters which
exhibited liquid crystalline properties.^^ Harruna et al. used a disubstituted bicyclic ring
system as a precursor to the aromatic ring system in the synthesis of high performance
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polyamides.^^ These polymers were converted to the desired aromatic system by pyrolysis
in the presence of a Lewis acid, such as, ZnCl2.
The objective of this work is to synthesize and characterize high performance
polyimides containing the bicyclo[2.2.2]oct-7-ene ring system. This is accomplished by
the substitution of an aromatic anhydride with a bicyclic type anhydride in combination
with -CF3 or -CH3 disubstituted diamines. Our goal is to study the effects of the
bicyclo[2.2.2]oct-7-ene ring system, and the methyl (CH3) and trifluoromethyl (CF3)




The structures of all synthesized polymers were confirmed by proton and carbon-13
nuclear magnetic resonance spectroscopy and infrared spectroscopy. Proton and carbon-13
nuclear magnetic resonance spectra were obtained in deuterated dimethylsulfoxide (DMSO)-di5,
deuterated dimethylformamide (DMF)-^/ or deuterated sulfuric acid (D2SO4) using a Bruker
WM-250 spectrometer. Solid state carbon-13 nuckar magnetic resonance (NMR) spectra
were obtained with a Bruker ARX-4(X) and a Bruker AM-400 spectrometer equipped with a
silicon graphics INDY conputer. Solutions were prepared using tetramethylsilane (TMS) as
an internal standard. Infi'ared spectra were performed on a Nicolet Omnicon FTIR
spectrometer, using KBr pellets. Elemental analyses results were obtained fi-om Atlantic
Microlab Inc., Atlanta, GA and Galbraith Laboratories Inc., Knoxville, TN. X-ray scattering
patterns were obtained using a Philips X’ Pert-MPD X-ray difi:actometer.
Thermogravimetric analyses (TGA) was performed on a Seiko Scientific Instruments
(SSI) TGA/DTA 220 thermogravimetric analyzer. Open platinum pans were used as reference
and sanple holders. Scans were run at 10 °C/min under argon and air atmospheres.
Differential scanning calorimetry (DSC) were obtained with a Seiko Scientific Instruments
(SSI) DSC 220 differential scanning calorimeter, under argon and in air. DSC curves were
obtained at a heating rate of 10 °C/min using sealed aluminum reference and sanple pans.
Transitions were taken as peak minima (endotherm) and peak maxima (exotherm). Visual
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observations of thermal transitions under cross polarized light were made using the Laborlux
Pol 12 polarizing optical microscope equipped with a heating stage.
Inherent viscosity measurements were obtained at 30 °C with concentrations of
0.5g/100mL of polymer in dimethylsulfoxide (DMSO) or concentrated sulfuric acid (H2SO4).
Solubility tests were determined at room tenperature.
Materials and Solutions
The monomers, 1,4-phenylenediamine and 1,3-phenylenediamine, were commercial
products obtained from Aldrich Chemical Conpany and were purified by sublimation.
Bicyclo[2.2.2]oct-7-ene-tetracarboxylic dianhydride was obtained from Chiskev Conpany and
was purified by recrystalization from acetonitrile. 1,2,4,5-Benzene tetracarboxyUc dianhydride,
o-tolidine and 2,2’-bis(trifluoromethyl)benzidine monomers were obtained from Chiskev
Conpany, Aldrich Chemical Conpany and Frinton Chemical Conpany, respectively, and were
used as recieved. All mononners were dried and characterized by FTIR, proton and carbon-13
nuclear magnetic resonance spectroscopy.
Polymer Synthesis
Glassware for the polycondensations were dried with a heat gun and flushed with
nitrogen. Polymerization procedure were performed under inert atmosphere and with
anhydrous solvents.
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Synthesis of bicyclof2.2.21oct-7-cne-2.3.5.6-tetracarboxvlic dianhydride and 1.4-
phenylenediamine containing polyamic acid AI and polyimide AH. In a three-necked round
bottom flask (250 mL) equipped with a mechanical stirrer, thermometer, septum, condenser,
calcium chloride drying tube, nitrogen inlet and bubbler was added 1.09 g (0.0101 mol) of 1,4-
phenylenediamine, 1.56 g of dry LiCl and 60 mL of anhydrous NMP. The mixture was stirred
until all the solids dissolved. The solution was cooled to 0 °C. A mixture of anhydrous NMP
(40 mL) and bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride (2.50 g, 0.0101 mol)
were injected into the stirred solution through the septunx The reaction mbcture was stirred for
1 h at 0 °C, and then slowly heated to 30 “C overnight. By means of a pasteur pipette, half of
the reaction mixture was removed. The solution collected was precipitated in 200 mL of
distilled water and the solids collected by suction filtration. The solids were washed two times
with 60 mL of ethanol and dried under vacuum for 1 h at 50 °C to give the crude 1,4-
phenylenediamine containing polyamic acid (2.46 g). The solids were extracted with acetone
using a Soxhlet extraction apparatus for 48 h. The polyamic acid was dried under vacuum at
100 °C for 12 h to give 1,4-phenylenediamine containing polyamic acid AI (2.30 g).
The septum was replaced with a glass stopper and the remaining reaction mixture was
stirred and heated at 180 °C for 22 h. The reaction mixture was precipitated in 300 mL of
distilled water. The precipitate was collected by suction filtration. The solids were washed
two times with ethanol and dried under vacuum at 50 °C for 1 h. Crude 1,4-phenylenediamine
containing polyimide (3.11 g) was obtained. The solids were extracted with acetone using a
Soxhlet extraction apparatus for 48 h. The polymer was dried under vacuum at 100 °C for 12
h to give 1,4-phenylenediamine containing polyimide AH (2.95 g).
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Synthesis of bicyclor2.2.21oct-7-ene-2.3.5.6-tetracarboxylic dianhydride and 1.3-
phenvlenediamine containing polyamic acid BI and polyimide BII. In a three-necked round
bottom flask (250 mL) equipped with a mechanical stirrer, thermometer, septum, condenser,
calcium chloride drying tube, nitrogen inlet and bubbler was added 1.30 g (0.0120 mol) of 1,3-
phenylenediamine, 1.86 g of dry LiCl and 60 mL of anhydrous NMP. The mixture was stirred
until all the solids dissolved. The solution was cooled to 0 “C. A mixture of anhydrous NMP
(40 mL) and bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride (2.98 g, 0.0120 mol)
were injected into the stirred solution through the septum. The reaction mixture was stirred for
1 h at 0 °C, and then slowly heated to 30 °C overnight. By means of a pasteur pipette, half of
the reaction mixture was removed. The solution collected was precipitated in 200 mL of
distilled water and the solids collected by suction filtration. The solids were washed two times
with 60 mL of ethanol and dried under vacuum for 1 h at 50 °C to give the crude 1,3-
phenylenediamine containing polyamic acid (1.90 g). The solids were extracted with acetone
using a Soxhlet extraction apparatus for 48 h. The polyamic acid was dried under vacuum at
100 °C for 12 h to give the 1,3-phenylenediamine containing polyamic acid BI (1.30 g).
The septum was replaced with a glass stopper and the remaining reaction mixture was
stirred and heated at 180 °C for 22 h. The reaction mixture was precipitated in 300 mL of
distilled water. The precipitate was collected by suction filtration. The solids were washed
two times with ethanol and dried under vacuum at 50 °C for 1 h. Crude 1,3-phenylenediamine
containing polyimide (3.10 g) was obtained. The solids were extracted with acetone using a
Soxhlet extraction apparatus for 48 h. The polymer was dried under vacuum at 100 °C for 12
h to give 1,3-phenylenediamine containing polyimide BE (2.72 g).
16
Synthesis of bicyclof2.2.21oct-7-ene-2.3.5.6-tetracarboxylic dianhydride and o-tolidine
containing polyamic acid Q and polyimide Cn. In a three-necked round bottom flask (250
mL) equipped with a mechanical stirrer, thermometer, septum, condenser, calcium chloride
drying tube, nitrogen inlet and bubbler was added 2.57 g (0.0121 mol) of o-tolidine, 1.87 g of
dry LiCl and 60 mL of anhydrous NMP. The mixture was stirred until all the solids dissolved.
The solution was cooled to 0 °C. A mixture of anhydrous NMP (40 mL) and
bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride (3.00 g, 0.0121 mol) were injected
into the stirred solution through the septum The reaction mixture was stirred for 1 h at 0 °C,
and then slowly heated to 30 °C overnight. By means of a pasteur pipette, half of the reaction
mixture was removed. The solution collected was precipitated in 200 mL of distilled water and
the solids collected by suction filtration. The solids were washed two times with 60 mL of
ethanol and dried under vacuum for 1 h at 50 °C to give the crude o-tolidine containing
polyamic acid (1.80 g). The solids were extracted with acetone using a Soxhlet extraction
apparatus for 48 h. The polyamic acid was dried under vacuum at 100 °C for 12 h to give the
o-tolidine containing polyamic acid Cl (1.50 g).
The septum was replaced with a glass stopper and the remaining reaction mixture was
stirred and heated at 180 °C for 22 h. The reaction mixture was precipitated in 300 mL of
distilled water. The precipitate was collected by suction filtration. The solids were washed
two times with ethanol and dried under vacuum at 50 °C for 1 h. Crude o-tolidine containing
polyimide (4.51 g) was obtained. The solids were extracted with acetone using a Soxhlet
extraction apparatus for 48 h. The polymer was dried under vacuum at 100 °C for 12 h to give
o-tolidine containing polyimide Cn (3.50 g).
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Synthesis of bicyclor2.2.21oct-7-ene-2.3.5.6-tetracarboxylic dianhydride and 2.2’-
bisdrifluoromethyhbenzidine containing polyamic acid PI and polyimide DII. In a three¬
necked round bottom flask (250 mL) equipped with a mechanical stirrer, thermometer, septum,
condenser, calcium chloride drying tube, nitrogen inlet and bubbler was added 2.58 g (0.(X)806
mol) of 2,2’-bis(trifluoromethyl)benzidine, 1.25 g of dry LiCl and 40 mL of anhydrous NMP.
The mixture was stirred until all the solids dissolved. The solution was cooled to 0 °C. A
mixture of anhydrous NMP (35 mL) and bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic
dianhydride (2.00 g, 0.00806 mol) were injected into the stirred solution through the septum
The reaction mixture was stirred for 1 h at 0 "C, and then slowly heated to 30 °C overnight. By
means of a pasteur pipette, half of the reaction mixture was removed. The solution collected
was precipitated in 200 mL of distilled water and the solids collected by suction filtration. The
solids were washed two times with 60 mL of ethanol and dried under vacuum for 1 h at 50 °C
to give the crude 2,2’-bis(trifluoromethyl)benzidine containing polyamic acid (2.10 g). The
solids were extracted with acetone using a Soxhlet extraction apparatus for 48 h. The
polyamic acid was dried under vacuum at 100 °C for 12 h to give the 2,2’-
bis(trifluoromethyl)benzidine containing polyamic acid DI (1.70 g).
The septum was replaced with a glass stopper and the remaining reaction mixture was
stirred and heated at 180 °C for 22 h. The viscous reaction mixture was precipitated in 300 mL
of distilled water. The precipitate was collected by suction filtration. The solids were washed
two times with ethanol and dried under vacuum at 50 °C for 1 h. Crude 2,2’-
bis(trifluoromethyl)benzidine containing polyimide (3.01 g) was obtained. The solids were
extracted with acetone using a Soxhlet extraction apparatus for 48 h. The polymer was dried
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under vacuum at 100 °C for 12 h to give 2,2’-bis(trifluoromethyl)benzidine containing
polyimide OH (2.70 g).
Synthesis of 1.2.4.5-benzene tetracarboxylic dianhydride and 2.2’-bis(trifluoromethyllbenzidine
containing polyamic acid El and polyimide EH. In a three-necked round bottom flask (250
mL) equipped with a njechanical stirrer, thermometer, septum, condenser, calcium chloride
drying tube, nitrogen inlet and bubbler was added 2.20 g (0.(X)688 mol) of 2,2’-
bis(trifluoromethyl)benzidine, 1.10 g of dry LiCl and 40 mL of anhydrous NMP. The mixture
was stirred until all the solids dissolved. The solution was cooled to 0 °C. A mixture of
anhydrous NMP (35 mL) and bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic dianhydride
(1.50 g, 0.00688 mol) were injected into the stirred solution through the septum The reaction
mixture was stirred for 1 h at 0 °C, and then slowly heated to 30 °C overnight. By means of a
pasteur pipette, half of the reaction mixture was removed. The solution collected was
precipitated in 200 mL of distilled water and the solids collected by suction filtration. The
solids were washed two times with 60 mL of ethanol and dried under vacuum for 1 h at 50 °C
to give the crude 2,2’-bis(trifluoromethyl)benzidine containing polyamic acid (1.92 g). The
solids were extracted with acetone using a Soxhlet extraction apparatus for 48 h. The
polyamic acid was dried under vacuum at 100 °C for 12 h to give the 2,2’-
bis(trifluoroinethyl)benzidine containing polyamic acid El (1.20 g).
The septum was replaced with a glass stopper and the remaining reaction mixture was
stirred and heated at 180 °C for 22 h. The viscous reaction mixture was precipitated in 3(X) mL
of distilled water. The precipitate was collected by suction filtration. The solids were washed
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two times with ethanol and dried under vacuum at 50 “C for 1 h. Crude 2,2’-
bis(trifluoromethyl)benzidine containing polyimide (2.95 g) was obtained. The solids were
extracted with acetone using a Soxhlet extraction apparatus for 48 h. The polymer was dried
under vacuum at 100 “C for 12 h to give 2,2’-bis(trifluoromethyl)benzidine containing




1,4-Phenylenediamine containing polyamic acid AI and the corresponding
polyimide AH; and 1,3-phenylenediamine containing polyamic acid BI and the
corresponding polyimide BII were prepared by the approach outlined in Scheme 5. The
synthetic route leading to o-tolidine containing polyamic acid Cl and the corresponding
polyimide CII; and 2,2’-bis(trifluoromethyl)benzidine containing polyamic acid DI and the
corresponding polyimide DII are presented in Scheme 6. The synthetic route leading to
1,2,4,5-benzene tetracarboxylic dianhydride and 2,2’-bis(trifluoromethyl)benzidine
containing polyamic acid El and the corresponding polyimide EH are presented in Scheme
7.
Polymer Characterization
The polymers were characterized by elemental analysis, Fourier transform infrared
(FTIR), proton and carbon-13 nuclear magnetic resonance (NMR) spectroscopy,
solubihty, solution viscosities, and X-ray scattering measurements. Thermal analysis data
were obtained by differential scanning calorimetry (DSC), thermogravimetric analysis
(TGA), and optical polarizing microscopy.
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Scheme 5. Synthetic route to polymers AI, All, BI, and BII
H2N- NH2 =Ai, An
NH2 = Bl, BII
H2N
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Y = 3,3’- CH3 for Cl and CH
Y = 2,2’- CF3 for DI and DH
23




Elemental analyses of polyamic acids and polyimides are presented in Table 1.
Table 1. Elemental Analysis data of the polyamic acids and polyimides
Theoretical % Found %
Polymers C H N F C H N F
AI 63.9 4.17 8.28 .. 63.1 4.48 8.04
All 67.5 3.78 8.74 “ 66.3 3.99 8.77 ~
Bl 63.9 4.17 8.28 — 63.1 4.69 9.02 —
Bll 67.5 3.78 8.74 — 66.7 3.95 8.69 —
Cl 70.6 5.01 6.33 — 70.4 5.07 6.07 —
Cll 73.6 4.75 6.61 — 72.9 4.99 6.72 —
Dl 56.7 2.93 5.09 -- 57.3 3.39 4.75 --
Dll 58.6 2.65 5.26 21.4 57.2 2.31 5.36 20.1
El 55.4 1.94 5.38 21.9 53.3 2.43 5.35 20.7
Ell 57.4 1.61 5.58 22.7 56.2 2.47 5.12 22.5
Infrared spectrum of 1,4-phenylenedianiine containing polyamic acid AI shows
characteristic amide and carboxylic absorptions at approximately 3552 to 3000 cm ' for
the N-H and O-H stretching. A weak stretching absorption peak at 1872 cm '
corresponds to the anhydride carbonyl (C=0) which indicates that the polyimide extension
was incomplete after heating at 30 °C overnight. The symmetrical imide carbonyl (C=0)
stretch appears at 1782 cm '. An unsymmetrical imide carbonyl (C=0) stretch, as well as
the carboxylic acid and amide carbonyl stretches, overlapp in the region of 1710 to 1730
cm '. The C=C bridge stretching appears as a weak band at 1620 cm '. The relatively
strong peak at 1512 corresponds to the amide N-C=0 stretch and a medium stretching
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absorption band at 1374 cm ' corresponds to the imide carbon-nitrogen (C-N) stretching.
Figure 12. The infrared absorption peak assignments for 1,4-phenylenediamine containing
polyamic acid AI are summarized in Table 2.
Table 2. Infrared absorption peak assignments of the polyamic acids
Functionality Energy / cm'’ Assignments










“infrared C-F absorption of polyamic acid DI and El
The proton NMR of 1,4-phenylenediamine containing polyamic acid AI shows a
chemical shift at 8 3.3 corresponding to the protons of the tertiary carbons on the bicychc
ring system (H-5, 6); a chemical shift at 8 3.5 indicates the bridge head protons (H-1, 4);
the chemical shift at 8 5.3 corresponds to the amide N-H proton (H-9); a chemical shift at
8 6.3 corresponds to the bicychc bridge protons (H-7, 8); the chemical shift at 8 7.3 ppm
corresponds to the aromatic protons of the unsubstituted carbon atoms (H-T, 2’). Due to
isomerism (exo, endo) on the bicychc ring system, the proton NMR shows pairs of
chemical shifts: a chemical shift from 8 6.5 to 8 6.7, and the chemical shift from 8 7.4 to 8
7.6 ppm corresponding to the protons on the tertiary carbons of the bicychc ring system
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FigUfg 12- Infrared spectrum of 1,4-phenylenediamine containing polyamic acid AI
(H-2, 3). The chemical shift at 5 10.1 ppm corresponds to the O-H carboxylic proton (H-
10), Figure 13.
The carbon-13 NMR spectrum of 1,4-phenylenediamine containing polyamic acid
AI exhibits chemical shifts at 5 28.2 corresponding to the bridge head carbons; and the
chemical shifts fi'om 5 37.8 to 6 41.0 ppm correspond to the tertiary carbons of the
bicyclic ring system. The peaks from 5 129.1 to 6 131.7 ppm correspond to the bridge
carbon and to the unsubstituted aromatic carbon atoms. The chemical shift at 6 134.7
ppm indicates the equivalent substituted aromatic carbon atoms. The chemical shifts from
5 151.0 to 5 168.3 ppm correspond to the carbons of the carbonyls of the imide, amide
and carboxylic, Figure 14.
The infrared spectrum of 1,4-phenylenediamine containing polyimide AH shows a
medium band at 3631-3200 cm ' which corresponds to the N-H and O-H stretches. These
results show incomplete ring closure of the polyimide. The weak absorption bands at
3100 to 2960 cm ' correspond to the C-H stretching of the bicyclic and aromatic ring
systems, respectively. The weak absorption band at 1872 cm'' disappears as the
imidization proceeds. The symmetrical and unsymmetrical imide carbonyl (C=0) stretches
are observed at 1782 and 1729 cm ', respectively. The absorption at 1710 and 1700 cm '
correspond to the carboxylic and amide carbonyl (C=0) stretch, respectively, indicating
incomplete ring closure. The absorption of the carbon-carbon double bond (C=C) of the
bridge in the bicyclic ring system is overlapped in the carbonyl stretching region. The
sharp band at 1512 correspond to the amide N-C=0 stretch and the medium absorption at
1374 cm"' corresponds to the imide carbon-nitrogen (C-N) bond. Figure 15. The infrared
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Figure 13. 'H NMR spectrum of 1,4-phenylenediamine containing polyamic acid AI in dimethylsulfoxide-c/<5
o 0
Figure 14. Solid state ’^C NMR spectrum of 1,4-phenylenediamine containing polyamic acid AI
Figure 15. Infrared spectrum of 1,4-phenyIenediamine containing polyimide All
absorption peak assignments of 1,4-phenylenedianiine containing polyimide All are
summarized in Table 3.
Table 3. Infrared absorption peak assignments of the polyimides
Functionality Energy / cm’’ Assignments










“infrared C-F absorption of polyimide DII and El
The proton NMR spectrum of 1,4-phenylenediamine containing polyimide All is
presented in Figure 16. The spectrum shows a chemical shift at 5 1.5 corresponding to the
protons of the bicyclic ring system (H-2, 3, 5, 6); the chemical shift at 5 4.0 corresponds
to the bridge head protons (H-7, 8); and the chemical shift at 5 8.7 ppm corresponds to
the protons of the unsubstituted carbon in the aromatic ring system (H-T, 2’).
The carbon-13 NMR spectrum of 1,4-phenylenediamine containing polyimide All
is presented in Figure 17. The spectrum shows a chemical shift at 5 34.8 corresponding to
the bridge head carbon atoms; the chemical shift at 8 43.0 ppm corresponds to the tertiary
carbons of the bicyclic ring system. The chemical shifts from 8 128.6 to 8 130.0
correspond to the aromatic ring unsubstituted carbon atoms; the chemical shift at 8 132.2
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Figure 17. Solid state ‘^C NMR spectrum of 1,4-phenylenediamine containing polyimide All
corresponds to the carbon-carbon double bond carbon atoms, and the chemical shift at 5
176.9 ppm corresponds to the carbon atom of the imide carbonyl (C=0).
Infrared spectrum of 1,3-phenylenediamine containing polyamic acid BI is
presented in Figure 18. The spectrum shows a broad band from 3605 to 2960 cm'*
corresponding to the N-H, 0-H, and C-H overlapped stretching. A weak stretching
absorption peak at 1872 cm * corresponds to the anhydride carbonyl (C=0) which
indicates that the imidization process was incomplete after heating at 30 °C, overnight.
Characteristic symmetrical and unsymmetrical imide carbonyl (C=0) stretches are
observed at 1782 and 1729 cm *, respectively. The carboxylic and amide carbonyl (C=0)
functional groups are observed at 1716 and 1700 cm'*, respectively. The carbon-carbon
double bond (C=C) bridge head stretch of the bicyclic ring system appears at 1611 cm * in
the infrared spectrum. The absorptions at 1492 and 1374 cm * correspond to the amide N-
C=0 and imide carbon-nitrogen (C-N) stretching, respectively. The infrared absorption
peak assignments for 1,3-phenylenediamine containing polyamic acid BI are summarized
in Table 2.
The proton NMR spectrum of 1,3-phenylenediamine containing polyamic acid BI
show a chemical shift at 5 3.5 corresponding to the protons of the bicyclic ring system (H-
2, 3, 5, 6); the chemical shift at 5 3.7 corresponds to the bridge head protons of the
bicyclic ring system (H-1, 4); a chemical shift at 8 5.3 ppm corresponds to the N-H
protons. The NMR spectrum show a chemical shift at 5 6.3 ppm corresponding to the
protons of the carbon-carbon double bond of the bicyclic ring system (H-7,8). The
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Figure 18. Infrared spectrum of 1,3-phenylenediamine containing polyamic acid BI
aromatic protons show a chemical shift at 6 6.1, 6 6.9, and 5 7.2 ppm (H-T, 2’, 3’),
respectively. Figure 19.
The carbon-13 NMR spectrum of 1,3-phenylenediamine containing polyamic acid
BI is presented in Figure 20. The spectrum exhibits a chemical shift at 5 28.7
corresponding to the bridge head carbons of the bicyclic ring system; chemical shifts at S
37.8, 5 34.8, and 8 43.77 ppm correspond to the tertiary carbons of the bicyclic ring
system. The peaks at 8 126.2,8 128.3, and 8 129.9 ppm correspond to the bridge carbons
and to the unsubstituted aromatic carbon atoms, respectively. The chemical shift of the
substituted carbon of the aromatic ring is observed at 8 131.8 ppm of the carbon-13
spectrum. The chemical shifts from 8 168.0 to 8 177.0 ppm correspond to the carbonyl
carbons of the imide, amide, and carboxylic, respectively.
The infrared spectrum of model 1,3-phenyIenediamine containing polyimide BII
shows a broad band from 3638 to 3200 cm * which correspond to the N-H and O-H
stretching. This indicates an incomplete ring closure of the polyimide. (The absorption at
1872 cm * disappears as the imidization process goes to completion.) The symmetrical
and unsymmetrical imide carbonyl functional group show absorptions at 1782 and 1729
cm *, respectively. The absorption at 1710 and 1700 cm * correspond to the carboxylic
and amide carbonyl (C=0) stretch, respectively. The peak at 1604 cm * corresponds to
the carbon-carbon double bond (C=C) of the bridge in the bicyclic ring system. The
absorption at 1492 cm * corresponds to the amide N-C=0 stretch. Evidence of imide
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Figure 19. *H NMR spectrum of 1,3-phenylenediamine containing polyamic acid BI in dimethylsulfoxide-c/g
Bl
Figure 20. Solid state *^C NMR spectrum of 1,3-phenylenediamine containing polyamic acid BI
stretch, Figure 21. Infrared absorption peaks of 1,3-phenyIenedianiine containing
polyimide BE are summarized in Table 3.
The proton NMR spectrum of 1,3-phenylenediamine containing polyimide BII is
presented in Figure 22. The spectrum shows a chemical shift at 5 3.6 that corresponds to
the protons of the tertiary carbons in the bicychc ring system (H-2, 3, 5, 6); a chemical
shift at 5 3.7 corresponds to the bridge head protons of the bicyclic ring system (H-1, 4);
the peaks at 5 7.5 correspond to the bridge protons of the bicychc ring system (H-7, 8);
and the chemical shift around 5 8.7 ppm corresponds to the aromatic protons (H-T, 2’, 3’,
4’).
The carbon-13 NMR spectrum of 1,3-phenylenediamine containing polyimide BE
is presented in Figure 23. The spectrum shows a peak at 6 34.3 corresponding to the
bridge head carbon atoms of the bicyclic ring system; the peak with a chemical shift at 5
43.6 ppm corresponds to the tertiary carbons of the bicychc ring system. The chemical
shifts at 6 126.0 and 5 130.0 ppm correspond to the unsubstituted carbon atoms of the
aromatic ring system. The chemical shift at 6 134.4 corresponds to the bridge carbons,
and the chemical shift from 5 170.1 to 5 177.4 ppm corresponds to the imide, carboxyhc
and amide carbonyl carbon atoms.
The infrared spectrum of o-tolidine containing polyamic acid Cl is presented in
Figure 24. The infrared spectrum of polyamic acid Cl shows a broad band from 3625 to
2940 cm * corresponding to the N-H, O-H and C-H overlapped stretching. Characteristic
symmetrical and unsymmetrical imide carbonyl (C=0) stretches are observed at 1782 and
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Figure 22. 'H NMR spectrum of 1,3-phenylenediamine containing polyimide BII in N.N-dimethylformamide-f/;
BII
Figure 23. Solid state *^C NMR spectrum of 1,3-phenylenediamine containing polyimide BII
 
observed at 1716 and 1700 cm *, respectively. The carbon-carbon double bond (C=C)
bridge head stretch of the bicyclic ring system is observed at 1611 cm *. The absorption at
1492 and 1374 cm'* correspond to the amide N-C=0 and imide carbon-nitrogen (C-N)
stretching, respectively. The infrared absorption peak assignments for o-tolidine
containing polyamic acid Cl are summarized in Table 2.
Due to the intractability of the polymer, solution NMR was not performed. The
solid state carbon-13 NMR spectrum of polyamic acid Cl, shows a chemical shift at 5 18.3
ppm corresponding to the methyl carbon atoms. The chemical shifts from 5 30.0 to 5 50.0
ppm correspond to the bridge head and tertiary carbons of the bicyclic ring system,
respectively. The chemical shifts from 8 120.0 to 5 135.0 ppm correspond to the bridge
and the unsubstituted carbon atoms of the aromatic ring system. The substituted carbon
of the aromatic ring is observed at 8 139.0 ppm. The peaks from 8 170.0 to 8 182.0 ppm
correspond to the carbonyl of the imide, amide, and carboxylic, respectively. The solid
state carbon-13 NMR spectrum of polyamic acid Cl is presented in Figure 25.
The infrared spectrum of o-tolidine containing polyimide CII shows a medium
band from 3618 to 3414 cm * corresponding to the overlapped N-H and O-H stretching.
This is characteristic of incomplete ring closure. The sharp peaks from 3045 to 2927 cm *
correspond to the C-H stretch of the bicyclic ring, the aromatic ring, and the methyl
groups of the polymer. Characteristic symmetrical and unsymmetrical imide carbonyls
(C=0) appear at 1788 and 1722 cm'*, respectively. The absorption bands at 1710 and
1700 cm * correspond to the carboxylic and amide carbonyl (C=0) stretches, respectively.
The absorption at approximately 1600 corresponds to the carbon-carbon double bond
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Figure 25. Solid state ‘^C NMR spectrum of o-tolidine containing polyamic acid
(C=C) of the bicyclic ring system; the band at 1499 cm ‘ corresponds to the amide N-C=0
stretch. Evidence of imide structure is the absorption at 1374 cm ' corresponding to the
imide carbon-nitrogen (C-N) stretch, Figure 26. Infrared absorption peaks of o-tolidine
containing polyimide CII are summarized in Table 3.
Due to the intractability of the polymer, solution NMR spectroscopy was not
performed. The solid state carbon-13 NMR spectrum of o-tolidine containing polyimide
CII is presented in Figure 27. The spectrum shows a chemical shift at 5 19.4 ppm
corresponding to the methyl carbon atoms. The chemical shift at 6 34.6 corresponds to
the bridge head carbons of the bicychc ring, while the chemical shift at 6 44.3 ppm
corresponds to the tertiary carbon atoms of the bicyclic ring. The peaks from 6 120.0 to 8
149.0 ppm correspond to the overlapping of the unsubstituted and substituted carbons of
the aromatic ring and the carbons of the double bond in the bicyclic ring system. The
chemical shift from 5 170.2 to 5 176.7 ppm corresponds to the carbon of the imide,
carboxylic and amide carbonyl.
The infrared spectrum of 2,2’-bis(trifluoromethyl)benzidine containing polyamic
acid DI is presented in Figure 28. The spectrum shows a broad band from 3499 to 2933
cm ' corresponding to the N-H, and 0-H stretching. A weak absorption at 1872 cm '
corresponds to the carbonyl (C=0) stretching of some unreactive anhydride, at this stage
of the polymerization. The symmetrical and unsymmetrical imide carbonyl (C=0)
functional groups absorbs at 1788 and 1729 cm ', respectively. The peak at 1620 cm '
corresponds to the carbon-carbon double bond (C=C) of the bridge in the bicyclic ring
system. The absorption at 1499 corresponds to the amide N-C=0 stretch; and the peak at
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Figure 26. Infrared spectrum ofo-tolidine containing polyimide CII
-so
Figure 28. Infrared spectrum of 2,2’-bis(trifluoromethyl)benzidine containing polyamic acid DI
1374 cm'‘ corresponds to the imide carbon-nitrogen (C-N) stretch. The broad absorption
band observed from 1000 to 1200 cm ‘ correspond to the trifluoromethyl group (CF3)
stretching. Infrared absorption peaks of 2,2’-bis(trifluoromethyl)benzidine containing
polyamic acid DI are sumarized in Table 2.
The proton NMR of 2,2’-bis(trifluoromethyl)benzidine containing polyamic acid
DI shows a chemical shift at 6 3.5 corresponding to the protons of the tertiary carbons of
the bicyclic ring system (H-2, 3, 5, 6); and the chemical shift at 5 3.6 ppm corresponds to
the bridge head protons (H-1, 4). The chemical shift at 5 5.7 corresponds to the N-H
protons (H-9); the chemical shift at 5 6.4 corresponds to the protons of the bridge in the
bicyclic ring system (H-7, 8), and the chemical shifts from 5 7.6 to 5 7.8 ppm correspond
to the aromatic protons (H-T, 2’, 3’), Figure 29.
The carbon-13 spectrum of 2,2’-bis(trifluoromethyl)benzidine containing polyamic
acid DI is presented in Figure 30. The spectrum shows a chemical shift from 5 29.9 to 5
48.2 ppm corresponding to the bridge head carbons and the tertiary carbons of the bicyclic
ring system. The peaks observed from 6 100.0 to 5 150.0 ppm correspond to the
overlapping of the unsusbstituted, substituted, trifluoromethyl carbon atoms of the
aromatic ring system, and the bridge carbons of the bicyclo ring system. The chemical
shifts from 6 165.0 to 8 180.0 ppm correspond to the carbons of the imide, amide, and
carboxylic carbonyls.
The infrared spectrum of 2,2’-bis(trifluoromethyl)benzidine containing polyimide
DII is presented in Figure 31. The spectrum shows a medium absorption band from 3670
to 3447 cm * corresponding to the O-H stretch due to moisture. Symmetrical and
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Figure 29. ‘h NMR spectrum of 2,2’-bis(trifluoromethyl)benzidine containing polyamic acid DI in dimethylsulfoxide-i/g
Figure 30. Solid state '^C NMR spectrum of 2,2’-bis(trifluoromethyI)benzidine containing polyamic acid DI
 
unsymmetrical imide carbonyl (C=0) stretching are observed at 1782 and 1729 cm ’,
respectively. The absorption at 1617 corresponds to the carbon-carbon double bond
(C=C) of the bicyclic ring system; the absorption at 1512 corresponds to the amide N-
C=0 stretch, and the peak at 1374 cm ’ corresponds to the imide carbon-nitrogen (C-N)
stretch. The trifluoromethyl functional group (CF3) absorbs from 1100 to 1200 cm ’.
Infrared absorption peaks of 2,2’-bis(trifluoromethyl)benzidine containing polyimide DII
are summarized in Table 3.
The proton NMR spectrum of 2,2’-bis(trifluoromethyl)benzidine containing
polyimide DII is presented in Figure 32. The spectrum shows a chemical shift at 5 3.5
corresponding to the protons of the tertiary carbons in the bicyclic ring system (H-2, 3, 5,
6); a chemical shift at 5 3.6 corresponds to the bridge head protons (H-1,4); the peak at 5
6.4 corresponds to the bridge protons of the bicyclic ring system (H-7, 8); and the
chemical shifts from 6 7.5 to 5 7.8 ppm correspond to the aromatic protons (H-T, 2’, 3’).
The carbon-13 spectrum of 2,2’-bis(trifluoromethyl)benzidine containing polyimide
DII shows a chemical shift at approximately 5 30.0 corresponding to the bridge head
carbon atoms of the bicyclic ring system; the peaks from 5 125.6 to 5 136.6 ppm
correspond to the overlapping of the aromatic carbon atoms, the carbons of the bridge of
the bicycUc ring, and the carbons of the trifluoromethyl groups. The chemical shift at 5
177.3 ppm corresponds to the carbon of the imide carbonyl. Figure 33.
The infrared spectrum of 2,2’-bis(trifluoromethyl)benzidine containing polyamic
acid El shows a broad absorption band from 3624 to 2637 cm ’ corresponding to the
overlapping of N-H, O-H, and C-H stretch. The absorption at 1788 corresponds to the
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Figure 32. ’h NMR spectrum of 2,2’-bis(trifluoromethyl)benzidine containing polyimide DII in dimethylsulfoxide-t/j
Figure 33. ‘^C NMR spectrum of2,2’-bis(trifluoromethyl)benzidine containing polyimide DII in dimethylsulfoxide-c/^
symmetrical imide carbonyl (C=0); the band at 1729 cm ' corresponds to the
unsymmetrical imide carbonyl (C=0). An overlapped absorption bands of the amide and
carboxylic carbonyls (C=0) are observed from 1710 to 1690 cm '. The carbon-carbon
double bond (C=C) shows an absorption at 1604; the peak at 1512 corresponds to the
amide N-C=0 stretch; the absorption at 1374 corresponds to the imide carbon-nitrogen
(C-N) stretch; and the broad band from 1100 to 1200 cm’’ corresponds to the
trifluoromethyl group (CF3) stretch, Figure 34. The infrared absorption peaks of 2,2’-
bis(trifluoromethyl) benzidine containing polyamic acid El are summarized in Table 2.
The proton NMR spectrum of 2,2’-bis(trifluoromethyl)benzidine containing
polyamic acid El indicates a chemical shift at 6 5.8 ppm corresponding to the polyamic
acid N-H proton (H-3). The chemical shifts from 5 7.8 to 5 8.6 ppm correspond to the
unsubstituted aromatic protons (H-1 to 3’). The polyamic acid O-H proton (H-4) shows a
chemical shift at 8 10.8 ppm. Figure 35.
The carbon-13 NMR spectrum of 2,2’-bis(trifluoromethyl)benzidine containing
polyamic acid El shows a hroad chemical shift from 8 112.0 to 8 140.0 ppm
corresponding to the overlapping of the aromatic and trifluoromethyl carbon atoms. The
chemical shifts from 8 160.0 to 8 170.0 ppm correspond to the overlapping of the imide,
amide and carboxylic carbon atoms. Figure 36.
The infrared spectrum of 2,2’-bis(trifluoromethyl)benzidine containing polyimide
Eli is presented in Figure 37. The spectrum shows a broad band from 3592 to 2631 cm''
which corresponds to the N-H, O-H, and C-H overlapped stretch. This is evidence of
incomplete ring closure. The absorption peak at 1782 corresponds to the symmetrical
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Figure 34. Infrared spectrum of2,2’-bis(trifluoromethyl)benzidine containing polyamic acid El




Figure 36. Solid state NMR spectrum of 2,2’-bis(trifluoromethyl)benzidine containing polyamic acid
Figure 37. Infrared spectrum of2,2’-bis(trifluoromethyl)benzidine containing polyimide Eli
imide carbonyl; the peak at 1729 corresponds to the unsymmetrical imide carbonyl (C=0)
stretch; the absorption at 1710 and 1700 correspond to the carboxylic and amide carbonyl
(C=0) stretch, respectively; the absorption band at 1600 cm * corresponds to the carbon-
carbon double bond (C=C) of the bicyclic ring system. The sharp absorption band at 1492
corresponds to the amide N-C=0 stretch; and at 1374 cm * corresponds to the imide
carbon-nitrogen (C-N) stretch. The trifluoromethyl group (CF3) absorbs from 1100 to
1200 cm'*. Infrared absorption peaks of 2,2’-bis(trifluoromethyl)benzidine containing
polyimide EH are presented in Table 3.
The proton NMR spectrum of 2,2’-bis(trifluoromethyl)benzidine containing
polyimide Eli is presented in Figure 38. The spectrum shows a chemical shift at 5 5.9
corresponding to the N-H protons of the amic acid and a shift at 5 10.9 ppm is indicative
of the amic acid O-H proton due to incomplete ring closure. The chemical shifts from 5
7.3 to 6 8.5 ppm (H-1 to 3’) correspond to the protons of the aromatic system.
The carbon-13 NMR spectrum of 2,2’-bis(trifluoromethyl)benzidine containing
polyimide Eli is presented in Figure 39. The spectrum shows a chemical shift from 6
112.0 to 6 140.0 ppm corresponding to the overlapped aromatic and trifluoromethyl
carbon atoms. The chemical shifts from 6 165.4 to 6 170.0 ppm correspond to the
overlapped imide, amide and carboxylic carbon atoms.
Thermal Characterization
The differential scanning calorimetry (DSC) curves of 1,4-phenylenediamine
containing polyamic acid AI under argon and in air are presented in Figure 40. Under
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Figure 38. 'H NMRspectrum of2,2’-bis(trifluoromethyl)benzidine containing polyimide Eli in dimethylsulfoxide-^ig
Figure 39. Solid state '^C NMR spectrum of2,2’-bis(trifluoromethyl)benzidine containing polyimide Eli
ENDOX
Figure 40. DSC curves of 1,4-phenylenediamine containing polyamic acid AI under argon and in air
argon atmosphere, the DSC curve of 1,4-phenylenediamine containing polyamic acid AI
indicates a sharp exotherm at 407 °C corresponding to the decomposition temperature.
No glass transition temperature (Tg) was observed. In air, thermooxidative
decomposition temperature begins at 350 °C. No melting or crystalline properties were
observed under the hot stage optical polarizing microscope up to 300 °C.
The thermogravimetric analysis (TGA) curves of 1,4-phenylenediamine containing
polyamic acid AI under argon and in air are presented in Figure 41. Under argon
atmosphere, an onset of decomposition occurs at 408 °C with a weight loss of
approximately 32 % at ca. 428 °C. 1,4-Phenylenediamine containing polyamic acid AI
exhibits a decomposition temperature at 397 °C in air. These results indicate that 1,4-
phenylenediamine containing polyamic acid AI decomposed faster in air than under argon
atmosphere.
The differential scanning calorimetry (DSC) curves of 1,4-phenylenediamine
containing polyimide All under argon and air are presented in Figure 42. Under argon
atmosphere, an exotherm is observed at 421 °C due to decomposition. In air, an onset of
decomposition was observed at 400 °C, no melting transitions were observed. A glass
transition temperature (Tg) was not observed under argon or in air. The polyimide
decomposed faster in air than under argon due to thermooxidative decomposition. No
melting transitions were observed under hot stage optical polarizing microscope up to 300
“C.
The thermogravimetric analysis (TGA) curves of 1,4-phenylenediamine containing
polyimide AH under argon and air are presented in Figure 43. Under argon, an onset of
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Figure 41. TGA curves of 1,4-phenylenediamine containing polyamic acid AI under argon and in air
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Figure 43. TGA curves of 1,4-phenylenediamine containing polyimide All under argon and in air
decomposition is observed at 460 °C with a weight loss of approximately 40 % at ca. 485
“C. Polyimide AH shows an onset of decomposition at 422 °C in air.
The differential scanning calorimetry (DSC) curves of 1,3-phenylenediamine
containing polyamic acid BI under argon and in air are presented in Figure 44. Under
argon atmosphere, the DSC curve shows a decomposition temperature at 409 °C. In air,
an onset of decomposition was observed at 400 °C, and no melting transitions were
observed. Hot stage optical polarizing microscope shows no melting temperature up to
300 °C.
The thermogravimetric analysis curves of 1,3-phenylenediamine containing
polyamic acid BI under argon and in air are presented in Figure 45. Under argon
atmosphere, the TGA curve indicates an onset of decomposition at 401 °C with a weight
loss of approximately 32 % at ca. 420 °C. In air, polyamic acid BI was stable up to 400
°C.
The differential scanning calorimetry curves of polyimide BII under argon and in
air atmospheres are presented in Figure 46. Under argon atmosphere, a decomposition
temperature is observed at 415 °C, no glass transition temperature was observed. In air,
polyimide BII was stable up to 390 °C followed with a fast thermooxidative
decomposition. Softening and glass transition temperatures (Tg) were not observed. Hot
stage optical polarizing microscope shows no melting transitions up to 300 °C.
The thermogravimetric analysis (TGA) curves of 1,3-phenylenediamine containing
polyimide BII under argon and in air are presented in Figure 47. An onset of
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Figure 45. TGA curves of 1,3-phenylenediamine containing polyamic acid BI under argon and in air
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Figure 47. TGA curves of 1,3-phenylenediamine containing polyimide BII under argon and in air
TGX
decomposition at 456 °C with a weight loss of approximately 40 % at ca. 470 "C, is
observed under argon. In air, polyimide BII was stable up to 393 °C.
The differential scanning calorimetry (DSC) curves of o-tolidine containing
polyamic acid Cl under argon and in air are presented in Figure 48. The DSC curve of o-
tolidine containing polyamic acid Cl indicates no decomposition temperature up to 420 °C,
under argon atmosphere. Glass transition temperature (Tg) and crystalline melting
temperature (Tc) were not observed, under argon and in air. The polyamic acid Cl
indicates no decomposition temperature up to 420 °C, in air. Hot stage optical polarizing
microscope shows no melting transitions up to 300 °C.
The thermogravimetric analysis (TGA) curves of o-tolidine containing polyamic
acid Cl under argon and air atmospheres are presented in Figure 49. Under argon
atmosphere, the TGA curve of polyamic acid Cl shows an onset of decomposition at 386
“C with a weight loss of approximately 40 % at ca. 479 °C. In air, onset of decomposition
occurs at 373 °C.
The differential scanning calorimetry (DSC) curves of o-tolidine containing
polyimide CII under argon and air in are presented in Figure 50. Under argon atmosphere,
no decomposition temperature was observed up to 420 °C. No glass transition
temperature (Tg), melting temperature (Tm) and crystalline melting temperature (Tc)
were observed. In air, the DSC curve of o-tolidine containing polyimide CII shows no
decomposition up to 420 °C. Neither a softening temperature nor a glass transition
temperature were observed. Hot stage optical microscope shows no melting transitions
up to 300 °C.
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Figure 49. TGA curves ofo-tolidine containing polyamic acid Cl under argon and in air
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Figure 50. DSC curves of o-tolidine containing polyimide CII under argon and in air
The thermogravimetric analysis (TGA) curves of o-tolidine containing polyimide
CII under argon and in air are presented in Figure 51. Under argon atmosphere, an onset
of decomposition temperature at 424 °C. Polyimide CEt is stable up to 410 °C, in air.
The differential scanning calorimetry (DSC) curves of 2,2’-bis(trifluoromethyl)
benzidine containing polyamic acid DI under argon and in air are presented in Figure 52.
Under argon atmosphere, the DSC curve of 2,2’-bis(trifluoromethyl)benzidine containing
polyamic acid DI indicates a glass transition temperature at 203 °C, and a recrystallization
temperature at 400 °C. The DSC curve of polyamic acid DI, in air shows a glass transition
temperature at 201 °C and a recrystallization temperature at 400 °C. No melting
transitions were observed on the hot stage optical polarizing microscope up to 300 °C.
The thermogravimetric analysis (TGA) curves of 2,2’-bis(trifluoromethyl)benzidine
containing polyamic acid DI under argon and in air are presented in Figure 53. Under
argon atmosphere, the TGA curve of polyamic acid DI indicates an onset of
decomposition at 414 “C with a weight loss of approximately 40 % at ca. 436 °C. In air,
the polyamic acid DI shows an onset of decomposition at 390 °C with a weight loss of
approximately 6 % at ca. 516 °C.
The differential scanning calorimetry (DSC) curves of polyimide DII under argon
and in air are presented in Figure 54. Under argon, a melting transition temperature is
observed at 386 °C. In air, the DSC curve of polyimide DII shows a glass transition
temperature (Tg) at 231, a broad recrystallization temperature exotherm at 279, and a








Figure 51. TGA curves of o-tolidine containing polyimide CII under argon and in air
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Figure 53. TGA curves of 2,2’-bis(trifluoromethyl)benzidine containing polyamic acid DI under argon and in air
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Figure 54. DSC curves of 2,2’-bis(trifluoromethyl)benzidine containing polyimide DII under argon and in air
DII, cast from NMP, shows the formation of blue and yellow birefringence phase at room
temperature. Figure 55.
The thermogravimetric analysis (TGA) curves of polyimide DII under argon and in
air are presented in Figure 56. Under argon, an onset of decomposition is observed at 414
°C with a weight loss of approximately 32 % at ca. 425 °C. In air, the onset of
decomposition temperature occurs at 418 °C with a weight loss of approximately 40 % at
ca. 500 “C.
The differential scanning calorimetry (DSC) curves of 2,2’-
bis(trifluoromethyl)benzidine containing polyamic acid El under argon and in air, are
presented in Figure 57. Under argon atmosphere, polyamic acid El shows a glass
transition temperature (Tg) endotherm at 233 and a recrystallization temperature at 401
°C. In air, the DSC curve indicates a glass transition temperature at 234, and a
recrystallization temperature at 400 °C. Hot stage optical polarizing microscope shows
the formation of blue and yellow birefringence fluid after the evaporization of NMP
solvent.
The thermogravimetric analysis (TGA) curves of polyamic acid, El, under argon
and in air are presented in Figures 58. Under argon atmosphere, polyamic acid El shows a
decomposition temperature at 602 °C. In air, the TGA curve of polyamic acid El shows a
decomposition temperature at 581 °C.
The differential scanning calorimetry (DSC) curves of polyimide Eli under argon
and in air are presented in Figure 59. Under argon atmosphere, a glass transition
temperature is observed at 184 °C. No melting transitions were observed. In air, a glass
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Figure 55. Optical polarizing microgram of film DII cast from NMP
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Figure 56. TGA curves of2,2’-bis(trifluoromethyl)benzidine containing polyimide DII under argon and in air
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Figure 58. TGA curves of 2,2’-bis(trifluoromethyl)betizidine containing polyamic acid El under argon and in air
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Figure 59. DSC curves of 2,2’-bis(trifluoromethyl)beiizidine containing polyimide Eli under argon and in air
transition temperature (Tg) is observed at 184 ‘’C. Hot stage optical microscopy shows
the formation of blue and yellow birefringence fluid after the evaporization of the NMP
solvent.
The thermogravimetric analysis (TGA) curves of polyimide Eli under argon and
air atmospheres are presented in Figure 60. An onset of decomposition is observed at 363
°C under argon atmosphere. The onset of decomposition, in air for polyimide Eli was
observed at 393 °C.
Solution Properties
Table 4 summarizes the solubihty properties of the polyamic acids and polyimides
at room temperature and their inherent viscosities at 30 °C.






NMP DMAc DMF DMSO H2SO4 MSA TMU Acetone
Al 0.2® +- - +- + + + - -
All 0.3® +- +- - +- + + +- -
Bl 0.3® +- - + + + + - -
Bll 0.4® - +- - +- + + +- -
Cl 0.3® - - - - + +- - -
Cll 0.4® - - - - + + - -
Dl 0.2'’ + + + + + + + +
Dll 0.8'’ + + + + + + + +
El 0.5'’ + + + + + + + +
Ell 0.7'’ +- +- +- +- + + +- +-
Viscosities measured in concentrated sulfuric acid; Viscosities measured in dimethyl
sulfoxide (DMSO); (+), soluble; (+-), partially soluble; (-), insoluble; NMP, l-methyl-2-
pyrrolidinone; DMAc, dimethylacetamide; DMF, dimethylformamide; MSA, methane









Figure 60. TGA curves of 2,2’-bis(trifluoromethyl)benzidine containing polyimide Ell under argon and in air
The solubility data shows that 1,4-phenylenediamine and 1,3-phenylenediamine
containing polyamic acids, AI, BI, and the corresponding polyimides. All, BII, were
generally soluble in corrosive solvents such as concentrated sulfuric acid and methane
sulfonic acid (MSA). Polyamic acids DI and El, and polyimide DII were soluble in all the
solvents that were tested. Polyimide Eli was partially soluble in all the solvents that were
tested. The decreased solubility of El is attributed to the presence of 1,2,4,5-benzene
tetracarboxylic acid dianhydride, increasing the aromatic character of the polymer.
Polyamic acids DI and El, and polyimide DII were soluble in all the solvents that were
tested due to the flexibility of the polymer backbone resulting from the non-coplanar
character of the diamine used. Also, the electron-withdrawing properties of the
trifluoromethyl group reduced the intractability of these polymers.
Low inherent viscosities observed suggest low molecular weights. The slight
difference in inherent viscosities of polyamic acids AI, BI, and Cl versus the
corresponding polyimides All, BII, and CII indicated that no significant changes in the
degree of polymerization occurred in the thermal conversion from polyamic acids to the
polyimides. Higher inherent viscosities were observed for polyimides DII and Eli derived
from 2,2’-bis(trifluoromethyl)benzidine suggesting higher molecular weights.
93
Polymer Morphology
The X-ray scattering pattern for the polyamic acids and the polyimides are
presented in Appendix I. The morphology of the polyamic acids and the corresponding
polyimides are summarized on Table 5.












X-ray results shows that the polyamic acids are amorphous. Polyimide Eli, also
has an amorphous morphology. Polyimides All, BII and CII are semi-crystalline. The X-
ray scattering graphs of these polymers exhibit well defined peaks at low angles which is
indicative of semi-crystalline polymers. (This is due to diffused diffraction, indicating
some order in the polymer.) Polyimide DII exhibits crystalline morphology indicated by




Novel polyimides containing the bicyclo[2.2.2]oct-7-ene moiety together with
unsubstituted phenyl and substituted biphenyl moieties were developed. A reduction in
the symmetry and a reduction in the Jt-electron density of the polymer backbones are two
important factors in improving solubility for the systems.
Polyimides derived from unsubstituted phenyl moieties and bicyclo[2.2.2]oct-7-ene
ring system exhibited enhance solubihty compared to wholly rigid aromatic polyimides
while maintaining high thermal stabihty. Polyimides containing 2,2’-disubstituted biphenyl
moieties with trifluoromethyl groups (CF3) exhibited enhanced solubility over those
derived from 3,3’ disubstituted biphenyl moieties with methyl (CH3) groups. Thermal and
thermooxidative stability was higher for polyimides derived from disubstituted biphenyl
moieties (CF3 or CH3) and bicyclic ring systems. Besides their excellent solution and
thermal properties, the polyimides were generally white and can be easily cast into films or
spun into fibers.
High molecular weight polyimides were obtained in systems derived from
bicyclo[2.2.2]oct-7-ene ring system and trifluoromethyl substituted biphenyl moieties as
indicated by inherent viscosity measurements.
Polymers with biphenyl moieties substituted in the 2,2’ positions with
trifluoromethyl groups (CF3) exhibited higher crystalline order than polymers substituted
in the 3,3’ positions with methyl groups (CH3).
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A logical extension of this work will be to study the conversion of the
bicyclo[2.2.2]oct-7-ene ring system to the more stable aromatic polyimide via pyrolysis,
monitored by thermogravimetric-mass spectrometer (TG-MS). Also, the fabrication of
films and fibers can be accomplished using the precursor polyimide containing the
bicyclo[2.2.2]oct-7-ene ring system followed by conversion to the more stable polyimide
to give films and fibers with high performance properties.
The use of bicyclo[2.2.2]oct-7-ene ring system can be applied to other polymeric
systems to prepare high performance polymers with improved processability.
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APPENDKI
1.1. X-ray scattering pattern of 1,4-phenylenedianiine containing polyamic acid AI
1.2. X-ray scattering pattern of 1,4-phenylenediamine containing polyimide AH
1.3. X-ray scattering pattern of 1,3-phenylenediamine containing polyamic acid BI
1.4. X-ray scattering pattern of 1,3-phenylenedianiine containing polyimide BII
1.5. X-ray scattering pattern ofo-tolidine containing polyamic acid Q
1.6. X-ray scattering pattern ofo-tolidine containing pofyimide Cn
1.7. X-ray scattering pattern of2,2’-bis(trifluoromethyl)benzidine containing polyamic acid DI
1.8. X-ray scattering pattern of2,2’-bis(trifluoromethyl)benzidine containing polyimide DII
1.9. X-ray scattering pattern of2^’-bis(trifluoromethyl)benzidine containing polyamic acid El
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1.1. X-ray scattering pattern of 1,4-phenylenediamine containing polyamic acid A1
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1.3. X-ray scattering pattern of 1,3-phenylenedianiine containing polyamic acid BI
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1.4. X-ray scattering pattern of 1,3-phenylenediamine containing polyimideBII












1.5. X-ray scattering pattern ofo-tolidine containing polyamic acid Cl
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1.6. X-ray scattering pattern of o-tolidine containing polyimide CII
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1.10. X-ray scattering pattern of2,2’-bis(trifluoromethyl)benzidine containing polyimide Eli
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